Abstract: Strategic environmental assessment (SEA) is a widely applied policy tool that aims to aid decision-makers in making informed, higher-quality decisions that minimize negative environmental impacts. However, different types of uncertainties complicate the ex ante assessment of environmental impacts. Literature suggests uncertainties are often not well addressed, resulting in inaccurate and even unreliable SEAs. At the same time, SEA literature offers limited guidance in how to systematically identify and deal with uncertainties. Therefore, in this paper, we present an analytical framework for characterizing and classifying different forms of uncertainty in SEA, and for identifying strategies for dealing with these uncertainties. The framework is based on literature on uncertainties in other subdomains of the environmental sciences. The framework is applied to five case studies of SEAs for spatial planning in The Netherlands in order to illustrate and critically reflect on our framework, and to bridge the gap between theory and practice. Based on these case studies we concluded the following: (1) The framework is useful for identifying uncertainties in SEA in a systematic way; (2) There is a discrepancy between how uncertainties are dealt with in theory and in practice; (3) In practice, uncertainties seem to be dealt with in a rather implicit way. The framework may help dealing with uncertainties more systematically and more proactively; (4) The most successful way of coping with uncertainties seems to be the application of multiple strategies.
Introduction
Environmental assessment (EA) is a widely applied policy tool for decision-making for a range of decisions with potential detrimental consequences for the environment. Since its introduction in the United States in 1969, it evolved into a process that does not only inform decision-making for environmental impacts of projects, plans, and policies programs, but that also is used in a more proactive way for development and design [1, 2] . Yet, it is increasingly acknowledged that uncertainties pose a serious limitation to the value that EA can have as a tool to identify and mitigate adverse environmental impacts.
Uncertainties specifically emerge in strategic environmental assessment (SEA). SEA is a systematic decision support process that aims to identify, predict, evaluate, and mitigate environmental effects of proposed policies and plans before decisions are made [3, 4] . SEAs often apply to strategic decisions that provide the context of more concrete projects subject to environmental impact assessments (EIAs) [5] . Whereas EIAs are often used to make a decision about project approval and environmental licensing, SEAs are also used by decision-makers, stakeholders, and environmental experts to develop, review, and discuss plan and policy options in the light of their environmental impacts [1, 2] .
In theory, most environmental gains can be achieved at the strategic policy-making and planning phases (which are often subject to SEA), because of higher degrees of freedom compared to the more narrowly defined projects (subject to EIAs; think of locational choices, modes of transport, fuel mixes in national energy policies, etc.). At the same time, the accuracy of ex ante assessments in SEAs are complicated because of the typically large scopes, high levels of abstraction, and long time horizons in decisions subject to SEA [5] . As a consequence, environmental impacts that manifest themselves after the implementation of decisions subject to SEA may differ substantially from the expected impacts from an SEA, with major consequences for the environment and for public health. Mitigating these unforeseen environmental impacts can delay the implementation of policies and plans, and result in higher costs than planned for. In addition, SEAs and EAs in general may lose their credibility among decision-makers and the public [6] . Thus, "if impact assessment is to be a sound decision-aiding tool, it must give consideration to uncertainties, identify means to manage those uncertainties and provide decision makers a better understanding of the consequences of their decisions" (Leung et al. [7] p. 121).
Various scholars observed that uncertainties are not well addressed in SEAs. SEAs are found to be inaccurate or even unreliable, even though the assessments are often presented as very certain [7] [8] [9] [10] . SEA reports often do not acknowledge or communicate any uncertainties that occurred during the assessment process. Furthermore, even if uncertainties are disclosed, often no guidance is provided about how to deal with the uncertainties at issue, reducing the usefulness of SEAs for decision-makers [11, 12] .
In EA literature, the conceptualization of uncertainties in the context of SEA remains to be elaborated in much detail, in contrast to the more general environmental sciences literature. What types of uncertainty are typical for SEA and the decisions it aims to support? What strategies can be employed in order to deal with uncertainties? Despite recognition of the importance of uncertainties in SEA in the literature [4, 7, 8, 13] , these questions received little attention thus far in SEA literature [2] . Moreover, little empirical research is conducted on how uncertainties are experienced and dealt with in SEA practice. This, however, is necessary if scientific research should contribute to practical guidance for dealing with uncertainties [4] . This paper, therefore, provides an analytical framework that identifies different types of uncertainties in SEAs, and strategies for dealing with them, similar to what was developed for other environmental domains ( [14] , based on [15] ). We applied the resulting framework to a number of SEA cases in The Netherlands in order to illustrate the framework, as well as for a first test, and to get a first insight into how uncertainties in SEA are dealt with in practice. The Netherlands is interesting because we expect that, in Dutch SEA practice, there is relatively much attention for recognizing and dealing with uncertainties. One reason is the relatively long history of SEA in this country; a second is that knowledge accumulation regarding SEA is formally institutionalized in the form of The Netherlands Commission for Environmental Assessment, which is charged with the quality review of EAs [2, 16] . The Netherlands also has a long tradition of explicit reflection on uncertainty in policy-oriented assessments and decision-making [11, [17] [18] [19] [20] [21] [22] [23] [24] .
The remainder of this paper unfolds as follows. In Section 2, we define our key concepts and develop our analytical framework, based on a literature review. In Section 3, we outline the case-study approach we employed for illustrating our analytical framework and present the results of our case studies. Finally, we wrap up our main conclusions and recommendations for SEA practice in Section 4.
Analytical Framework

Uncertainties in SEA Discussed in EA Literature
Uncertainty implies the information that is provided by SEAs may not be sufficient for the decision at issue. In other words, no accurate impact prediction of environmental effects can be made, which means that effects can turn out differently.
In SEAs, different types of uncertainties may emerge [21] . Uncertainty is not only about a deficit of available knowledge, it is also a lack of equivocalness (multiple interpretation), and an intrinsic characteristic of complex systems subject to SEAs. Additional sources of uncertainty in SEA are a lack of specificity of the policy or plan at issue, incomplete models, and a lack of insight into the effectiveness of mitigation measures, the project, as well as interpretation and biases [7, 13, 25, 26] .
According to Larsen et al. [27] , SEA practice does not sufficiently acknowledge uncertainty. As a consequence, politicians and the public might interpret outcomes as more certain than they actually are. Various reasons were suggested for "uncertainty avoidance", such as a belief that decision-makers and stakeholders may not understand the complex uncertainty information, that they do not want that level of detail, that it might increase distrust of the information, that it could be used strategically (either downplayed or emphasized for political reasons), that it might result in protracted discussions or simply lead to more research and delays in decision-making ("paralysis by analysis"), and that it could lead to unwanted conflict (which could harm decision-makers) [11, 21, [27] [28] [29] [30] .
Pavlyuk [26] and Lees et al. [13] , therefore, stated that there is a need for disclosure and consideration of uncertainty in EAs, as well as standardized best practices to ensure that uncertainty is properly addressed. In this context, Cardenas & Halman [8] suggested that such guidance is best based on an adaptive management approach that aids dealing with uncertainties as they manifest themselves during the various stages of the decision-making process, whereas Lees et al. [13] and Pavlyuk [26] proposed legal obligations regarding the disclosure and consideration of uncertainty.
Concluding, the literature on EA reflects that uncertainty can be understood in different ways, and can occur in different elements of the environmental assessment process. However, it remains unclear what types of uncertainties occur that need management during the process, and what type of management is suitable in what situation.
Uncertainties Discussed in Other Bodies of Environmental Literature
In order to further understand uncertainties, a broader perspective is taken by including other strands of literature. Further research was done in ecological studies, studies in environmental modelling and policy, environmental decision-making, crisis management, and risk management. The selection of literature reflects the complexity in environmental systems, resiliency approaches and attitudes and behavior of practitioners (when decisions have to be taken under great pressure, there is no time for collection of more data or for consulting multiple actors [31] .
In that literature, a variety of uncertainties are discussed, and different definitions of "uncertainty" are used. An example of a broad definition is "uncertainty is any deviation from the unachievable ideal of completely deterministic knowledge of the relevant system" [32] . Other definitions are "not having the required knowledge to precisely describe an event and its characteristics" [8] ; "a lack of confidence about knowledge relating to a specific question" [33] , or similarly "a person is uncertain if s/he lacks confidence about the specific outcomes of an event. Reasons for this . . . might include a judgment of the information as incomplete, blurred, inaccurate, unreliable, inconclusive or potentially false" [34, 35] ; and "incomplete knowledge about a subject" [36] . Brugnach et al. [15] added a nuance to these definitions: any deviation from complete knowledge also means that there is not a unique understanding of the system; there could be "multiple understandings". Uncertainty then includes a lack of agreement amongst stakeholders, which is important since stakeholder involvement often plays a large role in complex policies and plans. Uncertainty definitions vary in their approach, particularly on whether uncertainty is defined from the viewpoint of the analyst or from that of the decision-maker [30, 37] . The Walker et al. [32] framework is an example of an analyst-focused typology. It was developed as an attempt to synthesize and harmonize the earlier work on uncertainty typology in various literatures related to policy-oriented modeling and assessment. In turn, it spawned numerous adaptations to new domains and fixes of perceived weaknesses [12, 38] . Kwakkel et al. [38] attempted an update. The division in nature, level, and location of uncertainty, however, remains relatively stable [12] . Another set of typologies places primary focus on uncertainties related to the societal context of environmental assessments; these are decision-maker-focused typologies [37] . They observe that uncertainty for a decision-maker is not only scientific (technical, physical, biological, etc.), but also societal (cultural, institutional, etc.) in nature [37] . For example, De Marchi [39] assessed uncertainties in environmental disaster management, and included a broad range of contextual and societal types of uncertainties, such as legal, moral, societal, and institutional. Scientific uncertainty is just one aspect. Van Asselt [40] and Meijer et al. [41] similarly expanded on scientific uncertainty with broader aspects related to values, technology, markets, politics, and society.
We argue that, for a tool such as SEA, which is in basis a decision tool, we should interpret uncertainty primarily from the decision-makers' point of view (which of course does not exclude uncertainties that analysts face, and that have an impact on their assessments as they are presented to decision-makers). Taking this into account, in Table 1 , we show some interpretations and categorizations of uncertainties that we derived from literature on environmental research. The table clearly shows there is not a commonly shared agreement on a generic typology. To develop an appropriate uncertainty typology for SEA, its role and context should be taken into account. SEAs aim to explore different options for policies and plans, and to provide regulators and the public with information on the potential range and nature of environmental impacts and mitigation options. SEAs do not take place in a vacuum, but are directly connected with decision-makers with particular objectives, and stakeholders whose interests may be affected by the decision itself, its expected environmental impacts, or by mitigation options. Some uncertainties in SEA can be reduced through more research (scientific uncertainty), but some are inherent in the system studied and cannot be reduced (inherent uncertainty), for instance, those related to future debate on the values and interests that underpin the analysis or that are impacted by the proposed plans (social uncertainty), and uncertainties related to the legal implications of assessments (what knowledge needs to be supplied in case of a dispute between citizens, stakeholders, decision-makers, and the initiators of the plans (legal uncertainty). Consequently, four categories of uncertainty form the backbone of our framework:
• Inherent uncertainties ("we cannot know (exactly)"); • Scientific uncertainty ("our information and understanding could be wrong or incomplete"); • Social uncertainty ("we do not agree on what information is or will be relevant");
•
Legal uncertainty ("we do not know what information we should (legally) provide").
Below, we elaborate on the four categories of uncertainties, followed by an identification of strategies for dealing with them.
2.3.1. Inherent Uncertainty-"We Cannot Know (Exactly)"
The first category of uncertainty is inextricably connected to the inherent unpredictability of the system under study. In many systems, the impact of a plan can vary because the physical size of the potential disturbance varies per location or over time, because the systems or populations that are affected have a diverse sensitivity to the disturbance, because other issues or trends that are at play modify the impact of the plan under study, or because the system exhibits some level of chaotic behavior. This is not simply solved by additional research or empirical efforts [15, 32, 33, 36] . The uncertainty range in the impact is a real, physical thing. At best, it can be described as a classic probability distribution. Inherent uncertainty is the "aleatory" or "variability" type of uncertainty described in many of the typologies in Table 1 . Note that this can relate to the environmental system, as well as the social, legal, or political systems. However, such aspects are already largely covered under the social and legal uncertainties in the later subsections.
Inherent uncertainties may manifest themselves in SEA in various ways, some of which are listed below.
• Because of variability of the system, the appropriate system boundaries regarding time and spatial scales are unknown or unclear, or the vulnerability of the system(s), populations, or individuals impacted varies. It may be possible to give "likely" bounds, but the precise impacts in practice will vary, and outliers cannot be ruled out. Examples include variability in local weather conditions, in local activities, or in the way local plants and animals might respond to the effects of a plan in the environment. For SEAs, it means that the exact magnitude and full range of environmental impacts of an activity cannot be known. Our knowledge of the natural system determines how we represent these properties in assessments, and how we design tools to evaluate impact.
In understanding environmental processes, it is important to study the relationships between cause and effect. Cause-and-effect mechanisms can only be established if these relationships are well understood. In the case of very complex systems and issues, such as climate change, this is difficult to establish, and the system may exhibit "chaotic" behavior. As a consequence, assessing the impact of a future activity in SEAs can become very difficult, especially in complex systems and for long-term impacts.
• Uncertainties also arise in the assessment of cumulative effects [25] . Noise pollution is a good example for cumulative effects. If an activity takes place on a larger scale, other existing sources of noise have to be taken into account to study the total impact of noise. Different sources of noise reinforce each other, called accumulation. Noise increase from the assessed activity might seem irrelevant, yet, in total, it could mean a significant increase in noise pollution in the area. It can be difficult to understand how natural phenomena reinforce themselves. Consequently, the full impact of an activity in an existing situation with multiple sources and burdens may not be clear, and it can be difficult to attribute reported problems to a specific activity.
Often, inherent uncertainties exist in combination with scientific (epistemic or "knowledge") uncertainties that can be reduced through more research. For instance, the range of variability may not be known at first. The variability can then be better characterized and bounded (reducing knowledge uncertainty about the variability), but the physical source remains. For example, uncertainty around climate-change effects can be reduced by improving data analysis, models, and parameters. However, despite improvements to models, there will always be some uncertainty inherent to the natural and socio-economic systems involved which we cannot remove. The reducibility of uncertainty strongly relates to determining how we deal with uncertainty [33] .
Scientific Uncertainty-"Our Information and Understanding Could Be Wrong or Incomplete"
Scientific uncertainty entails having limited or incorrect information about phenomena. This relates to "epistemic" or knowledge uncertainty as discussed in the typologies in Table 1 . Reasons include technical issues such as faults in models or data, and problems in the translation of the practical problem into the scientific problem. This might, at least in theory, be reduced by performing additional research [36] , for example, the design and selection of indicators and criteria for assessment.
Technical problems are associated with data and models. More often than not, impact predictions are made using models, rather than actual measurement, or model extrapolations based on a limited set of measurements. This is especially the case when predicting air quality, changes in water systems, or noise pollution in large-scale projects. Model outcomes are used to compare alternatives and determine a preferred alternative with the least significant effects. Uncertainties may emerge in the following ways:
• Models are simplified abstractions of the real world, and are, therefore, never fully accurate [26] . Uncertainties can occur in the model structure, variables, and parameters [8] . Similarly, many assumptions are made in the modeling process, e.g., in designing a model or combining models in a model chain, where different researchers might make different choices [48, 49] . That models make simplifications and assumptions is, in itself, not necessarily bad-it is a necessary aspect of generalizing and applying knowledge of environmental processes to evaluate new situations (i.e.
, not yet existing in exactly the set-up proposed). Rather, one should relate models to model and knowledge quality [28] , and to the fitness of the model for the purpose for which it is used in the assessment [50, 51] . Often, generic models are developed and used in SEAs to find consistency in the research methodology, and thus, overcome uncertainty due to limitations in models. Interactions and variables that are unique to the situation might be overlooked.
•
Models use the input of data. Uncertainty about data can occur due to limited access to information, measurement errors, type of data, and presentation of data [25, 46, 52] . Also, data might become invalid in the long term due to greater variability, depending on the time horizon that is selected. Limitations in data seriously influence the impact prediction that is the outcome of the model.
Data on baseline conditions is a specific issue. Baseline conditions include the developments, impacts, and environmental dynamics that would occur without the proposed activity. Baseline conditions are a critical starting point in SEAs, as they provide the benchmark against which assessments are predicted. Measurement errors occur in baseline data [52] .
The translation of problems, as defined by policy-makers and planners for scientific problems, is a second source of scientific uncertainty:
• Uncertainties can occur in the choices of data, methods, parameters, and statistics, in other words, the assessment framework. Science is looking for measures to represent phenomena. It applies to SEAs in the sense that indicators are selected to study environmental effects, which may not be the best representation of the real environment [26, 52] .
• Furthermore, projects and activities may change, and impacts that are attributable to them change as well [8, 25, 26, 52 ].
When determining change and impact, we need to determine past, present, and future activities for the development at issue [25] . To create an inventory of all activities, a large amount of effort and input is needed from different stakeholders. Future activities are especially difficult to include, since they occur over a longer time scale, influenced by many other factors.
The distinction between inherent and scientific uncertainties is not always clear, and both types of uncertainty can be related (e.g., our inability to predict how complex systems develop or behave may result in both types of uncertainty).
Social Uncertainty-"We Do Not Agree on What Information Is or Will Be Relevant"
Social uncertainties refer to doubts or ambiguity about information by actors involved in an SEA, or in the policy or plan at issue. It is caused by differences in human values and interpretations. The role of social uncertainties in environmental research was only recently recognized, and the challenge is to account for human input in the decision-making process [36] . This relates in particularly to the "ambiguity" type of uncertainty, as discussed in the typologies in Table 1 , as well as, to some extent, to variability (e.g., variability of social values) and knowledge (limited information on the social perception of the activities proposed, or lack of accounting for social aspects in the scientific analyses) uncertainty. Some examples of social uncertainties in SEAs include the following:
• Stakeholders, as well as decision-makers and researchers in SEAs have different values, interests, and perceptions of environmental components [8, 46] . Examples are conflicts of interest regarding the objects to be studied, and different world views regarding what is important. It influences the framing of the problem, and therefore, the scope of the assessment. It also entails a subjective selection of criteria and indicators. The assessment of system boundaries and impacts are a result of negotiations between stakeholders.
•
The political climate influences whether an environmental problem is addressed, and which alternatives are considered and selected [43] . Political groups or lobbyists can have a large influence on the outcome of the decision-making process. They can also demand to study specific environmental aspects, such as health or sustainability. It depends on the societal context and the period. It could also mean that politicians pursue political goals, and overrule environmental issues.
• Knowledge frames and capacities of stakeholders are strongly related to inherent and scientific uncertainty. It entails our understanding of the environmental processes at hand, but it also entails an understanding of what information is delivered in SEAs. This depends on the capacities and skills of responsible persons such as policy makers and project managers [39] . Similarly, the frames of the analysts and competent authorities play a role in shaping the scientific analysis in the (S)EAs; issue-framing plays a key role in setting the research questions and boundaries, strongly impacting what is analyzed and how, and consequently, the results of the analysis [22, 28] .
• Social uncertainty can exist in the project design for the SEA process, e.g., organizational factors, procedures, resources, and coordination among stakeholders [26, 39, 46, 52] .
The implications of social uncertainty could be legal uncertainty (see below), which suggests our distinction in forms of uncertainty is mainly an analytical one.
Legal Uncertainty-"We Do Not Know What Information We Should (Legally) Provide"
Legal uncertainty has to do with the decision-making context. It relates to ambiguity in the uncertainty typologies discussed in Table 1 , as well as, to some extent, to variability (e.g., in legal rulings and perceptions), and knowledge (e.g., lack of clear criteria or legal precedents) uncertainty. Decisions that are made in an SEA need to be justified, and decision-making approaches depend on goals, performance measures, and assessment criteria [46] . For example, new legislation on specific environmental aspects could pose uncertainty about how to include this in the SEA process. Legal uncertainty in that respect relates to what one "could or should have known" before implementing the project to due diligence, as elaborated below.
•
The decision-making context poses uncertainty as to what information the SEA needs to deliver. The task of supplying information is imposed on the initiator of the policy or plan [52] . Often, legal guidelines exist to address the type and amount of information that needs to be delivered in SEAs to make a decision. However, uncertainty increases when the decision-making context changes due to new (environmental) legislation or revisions of existing legislation.
•
The institutional context influences rights and responsibilities, and shapes the degree of power and influence [52] . This also relates to how responsibilities and definitions, for instance, the definition of the "precautionary principle", are embedded in national or European Union (EU) law or international agreements. Such differences can lead to different levels of proof that are required before allowing a plan, or to demanding precautionary risk-mitigation actions, and who should bear the burden of proof [53, 54] .
• Furthermore, De Marchi [39] describes legal uncertainty as the future contingencies or personal liability for actions or inactions. The people involved in an SEA process, including the initiator, consultants, and decision-makers, are primarily concerned with making their assessments and decisions appear defensible and politically palatable [7] . Providing information about significant impacts in a worst-case scenario, or uncertainties in the assessment can have consequences for the public image, social trust, legitimacy, and political acceptability. The public can use this kind of information to appeal to a proposal, or at least policy-makers feel that this is the case. 
Strategies for Dealing with Uncertainties in SEAs
Theoretically, the type of uncertainty determines the choice for how to deal with uncertainty. If uncertainty is acknowledged as inherent, initiators and competent authorities might accept that it is irreducible, and might, therefore, aim at a strategy to manage the uncertainty as it manifests itself during the implementation of the policy or plan, rather than try solving it during the SEA phase [2] . If uncertainty classifies as scientific, additional research might be performed to find more confirmation for results of the assessment.
In the environmental literature, several strategies for dealing with uncertainties are discussed [8, 15, 35, 37, 38, 53, 55] . On several occasions, authors explicitly linked strategies to specific types of uncertainty, and in other cases, such links are less explicit. We discuss strategies relevant for the SEA context below. Firstly, we discuss what strategies ideally aim at; in other words, when are the four categories of uncertainties discussed above successfully addressed?
Ideally or Typically Dealing with Uncertainties
Dealing with uncertainties in SEA has to do with both reducing uncertainty and managing uncertainty. A measure of change to determine the success of specific strategies for dealing with uncertainties was provided by Allen & Garmestani [56] : "What changed as a result of action in relation to the project goals and objectives?". Connecting this to the goal of SEA, which is to inform decision-makers on the consequences of plans and programs, successful management of uncertainties would provide decision-makers with a better understanding of the consequences of their decisions, or with rich decision options [7] .
Because each of the four categories of uncertainty imposes a different need for information, management, and progress (which is hypothesized in this paper), different definitions of success were identified, and are summarized in Table 2 Below, we discuss strategies for dealing with uncertainties in SEAs. Four strategies are identified that can be implemented in various ways: knowledge generation, stakeholder involvement, adaptive management, and employing the precautionary principle.
Knowledge Generation
Knowledge generation can generally be defined as any approach or strategy that yields more knowledge on a specific subject. It is most applicable to types of uncertainty that can actually be reduced by obtaining more knowledge. Uncertainties that are addressed by knowledge generation include the full range of uncertainty about future activities, change and impact predictions, measurement errors, limitations in models, and data gaps.
Two specific types of knowledge generation generally applied in SEAs are discussed here. Firstly, expert judgment ("expert elicitation") is used to identify options and impacts when the full range is not known, or when direct measurements or modeling are not feasible [15, 45, 57] . Inviting multiple experts to the discussion leads to benchmarking or standardization, and can help with combining different disciplines or lines of evidence in the analysis. Expert elicitations can provide quantitative or qualitative information, depending on the situation, such as the amount of evidence available. Secondly, additional research can be performed to compensate for absence of data, such as desk studies, fieldwork, sensitivity analyses, or simulation models [8, 15] .
Not all research necessarily completes the knowledge base. It may uncover more uncertainties and complexities. It may also cost substantial time and money, potentially leading to "paralysis by analysis" [58] . The cost, time, and urgency of a problem should be taken into consideration when choosing to do more research [15] . This is why other types of strategies are often applied in SEAs.
Stakeholder Involvement
Stakeholder involvement can lead to reductions in ambiguity, increased support for the implementation of a proposed activity, and more robust decision-making. It is a rather generic term that can be understood in many ways. Its definition depends on the purpose and the uncertainty situation at hand, and differs by mode, degree, and timing [26] . Interested parties, affected communities, and also scientists and experts are part of the "stakeholder group". Different levels of, and approaches to stakeholder participation can be taken in the assessment, depending on the goals, and different methods can be used [59] .
Active involvement of stakeholders helps with dealing with uncertainties about the identification of future activities, change and impact, and assessment criteria, and when the values, interests, and perceptions of stakeholders are likely to be different [8] . This is because involving stakeholders can help display heterogeneity among stakeholders, a better understanding of their interests, and insight into power relationships. This serves to assess the full range of possible options and impacts, and to get to an agreement on the course of action, such as exploring risk-mitigation options and communication activities that stakeholders would value. Alternatively, it could, at least, provide an inventory of the disagreements and positions of stakeholders, and a clarity among them about this, which can be used and decided upon in the political decisions on the project. When there is room for interpretation of environmental indicators and impacts, stakeholder involvement can help provide more consistency and transparency by communicating about uncertainties [44] .
Stakeholder involvement in EAs can take many forms [60] . According to Pavlyuk [26] , it entails activities such as informing, consulting, reaching consensus, and negotiations. Refsgaard [35] describes stakeholder involvement as enabling stakeholders to communicate issues of concern, using (non-scientific) knowledge of stakeholders, and to actively involve stakeholders in the quality control of the SEA process. The application of stakeholder involvement obviously entails a degree of inclusion. The levels are identified as providing information, consulting, collaborating, and co-decision-making [8] . According to Isendahl et al. [61] , stakeholder involvement also means to create trust among actors, and to communicate mutual expectations. Stakeholder involvement is best applied at the start of a project, when stakeholders can have a large impact on finding assessment criteria and alternatives, and can jointly consider the options.
Adaptive Management
Adaptive management (AM) is a management approach that can be implemented when knowledge is incomplete, and managers and policymakers need to act despite inherent uncertainty [56] . The goal is to reduce uncertainty, build knowledge, and improve management over time, in a step-by-step way. AM was first introduced by Holling in 1978 [62] . The concept is based on resilience literature, in which variability in a system is accounted for with different methods and techniques, aimed at gradually reducing uncertainty [62] .
AM is an iterative process where the current condition is used to determine subsequent actions (MacDonald, 2000) . In empirical literature, AM approaches are mostly used to deal with inherent or scientific uncertainties. Firstly, AM helps with uncertainty about the identification of future activities and the identification of change and impact. Planning activities are not always defined in detail, making impact prediction complicated [63] . It does so by generating multiple management actions when the effectiveness of management actions is unknown, by identifying multiple possibilities, and by managing the preferred alternative [8, 63] . Secondly, AM helps when there is uncertainty about key criteria, local thresholds, and carrying capacity of an area (the assessment framework) [8, 10] . Thirdly, AM deals with estimates of natural variability, cumulative effects, and the identification of cause-effect mechanisms [8] .
Adaptive management is, like SEA, not a strictly defined, homogenous management process. Different flexible approaches with feedback of information exist. Noble [10] describes AM as an "exploration of different alternatives to meet a management objective, a prediction of the outcome of these alternatives, an implementation of one alternative, and monitoring to learn about the impacts". The identification and selection of alternatives and monitoring are recurrent approaches. Allen and Garmestani [56] also speak of the identification of alternatives, followed by evaluation. Monitoring is a key aspect of adaptive management. It serves as a mechanism to check for assumptions about options, impacts, and assessment criteria. Furthermore, monitoring can document experiences and lessons learned from a project regarding inaccurate predictions, measurement errors, data gaps (faults in data and/or models), and interpretation [13, 26] . The emphasis of monitoring is on "measured change" and documenting cause-and-effect relationships [64] . This means that monitoring is less effective when dealing with unquantifiable uncertainties, when no information is available (acknowledged ignorance), or when the processes studied take a long time to play out or might experience discontinuities. It also requires an explicit monitoring protocol and a mandate for actors to intervene if negative effects occur [44] . Along with monitoring, Brugnach et al. [15] suggested that scenario planning and experimental approaches are adaptive-management applications. The aim is to develop flexible solutions that can adapt to changing conditions and unexpected developments.
In SEAs, adaptive management can take the form of monitoring in combination with taking additional measures, in order to comply with environmental standards and to enhance the environmental performance of policies and plans. In this sense, it bears strong resemblance with the concept of "follow-up" in EA, which is about ex ante measurement of actual environmental performance, and correcting for unexpected environmental effects [64] . However, the above discussion suggests AM is more than that-a continuous activity during the development, implementation, and adjustment of policies and plans.
The strength of AM, at least in theory, is its capacity to adapt to unforeseen and changing events, decisions, and circumstances [10] . Yet, it requires several prerequisites, such as strong baseline data and agreement amongst stakeholders. A major drawback of AM is that detectable changes need to occur before changes in management can be made. This means that, when effects are irreversible, when risks are high, or when there is a long time span before effects occur, AM might not be suitable [65] .
Employing the Precautionary Principle
The key concept of the precautionary principle is that it protects humans and the environment against uncertain risks by means of pre-damage control [35, 58] . The principle entails that, "where there are threats of serious or irreversible damage, lack of full scientific certainty shall not be used as a reason for postponing cost-effective measures to prevent environmental degradation" [66] , or that, "when human activities may lead to morally unacceptable harm that is scientifically plausible but uncertain, actions shall be taken to avoid or diminish that harm" [67] . It means that harm from an activity should be prevented when there is plausible indication of harm, even when there is no strong evidence yet. The initiator will need to take mitigation measures or prove that it is not harmful. However, different definitions of the precautionary principle are in use in different policy documents, international declarations and agreements, and legal frameworks, each with different perspectives on the level of scientific evidence required, the level of impact that would trigger the use of the principle, and the level of preventative action that is required [53, 54] . This could include a moratorium, but most current frameworks focus on a "proportionate response", using a repertoire of possible options to increase knowledge, limit the probability of harm, and limit the damage or increase resilience.
The precautionary principle applies to inherent uncertainty and scientific uncertainty. The approach is used in cases where there is uncertainty about the interpretation of data or natural variability of the system [44] . Furthermore, it addresses uncertainties in models and model outcomes, data gaps, and cause-effect relationships [26] .
Employing the precautionary principle can be done in different ways. Firstly, a worst-case scenario is often adopted [25, 44] . Choosing a worst-case scenario means representing the conditions and impacts of a spatial plan in the most conservative way. It strengthens the robustness of decision-making, as exposure will always be within acceptable limits. Working with worst-case scenarios is a subject that is gaining importance in the literature on scenario analysis in SEAs and EIAs [68, 69] . Secondly, standardized principles or thresholds are set to limit harmful effects [14] . These thresholds are set based on the worst-case scenario, and activities that exceed the thresholds are prohibited. Prohibition of activities is a third application of the precautionary principle. Activities are then only permitted if scientific certainty is provided that significant negative effects are excluded. Fourthly, the precautionary principle entails the design and implementation of mitigation measures to reduce effects after decision-making [26, 44] .
The precautionary principle is an important decision-making criterion when activities have to be assessed that are highly uncertain. A major disadvantage is that it can sometimes be difficult to balance competing goals (especially in a political setting where voters may demand swift and strong action), and might, therefore, lock developments. The application of the approach is dependent on values and perceptions of stakeholders as to what environmental issues are important and what uncertainties are urgent to resolve, what impacts are "morally unacceptable" or "serious", and what level of action is enough [53, 54] . Figure 2 shows how the uncertainties we discussed above relate to the above strategies for dealing with them. Not all uncertainties are covered by a strategy because linkages are not always clear from the reviewed literature. The illustrative case studies, therefore, serve as a means to explore these missing linkages. Figure 2 also sets out indicators for "successful" dealing with strategies. 
Linking Uncertainties to Strategies
Case Studies to Illustrate and to Refine and Bridge the Gap between Theory and Practice
Case Selection and Data Collection
Our analytical framework was applied to five cases of SEAs for spatial plans for two reasons. Firstly, it was applied to illustrate and refine the framework (i.e., verify whether uncertainties or strategies were missing in our categorizations, and to identify missing links between uncertainties and strategies). Secondly, it was applied to get a first impression of how uncertainties are perceived and dealt with in practice, in order to bridge the gap between theory and practice.
Five spatial planning cases were selected based on the following criteria:
1.
The planning initiatives have a relatively high level of abstraction, and therefore, contain uncertainties.
2.
The Netherlands Commission for Environmental Assessment (NCEA) reviewed the SEA report (which was expected to explicitly reveal uncertainties and suggestions for dealing with them).
3.
The SEAs ran in the past five years, ensuring respondents remembered the project. Table 3 summarizes the selected case studies and their characteristics. A brief description is provided in Appendix A. The first step in data collection involved desk research of open resources. The NCEA publishes all relevant documents for projects on their website. This includes the spatial-planning documents, the SEA report, and the NCEA advice. These documents contain a very rich database with specific knowledge on the projects, such as spatial-planning goals, research methods in the SEA process, and results of environmental studies. Reading these documents prior to the interviewing phase ensured the researcher had sufficient knowledge of the projects. It also served to get a first grip on the most relevant environmental themes and possible uncertainties. Yet, the SEA reports only publish the end result, and reveal little of the process that was necessary to come to those results. Therefore, the desk research served only to provide basic knowledge for the interviews, and to ensure relevant uncertainties were discussed. The next step involved interviewing key actors in the SEA process. These key actors represented different roles to gain a comprehensive view of the process. It was expected that different parties have a different perspective on uncertainties based on their role, tasks, and interests in the SEA process. The group of respondents consisted of researchers, consultants, project managers, policy makers, and specialists from different organizations (the NCEA, Utrecht University, several government authorities, and consultancy firms; see Appendix B for more information about the respondents).
Data were collected in a flexible and iterative way. Intermediate analyses between interviews revealed adjustments to data collection that could directly be employed in following interviews. Furthermore, flexible methods allow taking advantage of emergent themes and unique case features.
The interviews served to delve deeper into uncertainties that were identified during the desk research, and revealed further uncertainties. Interviews were semi-structured, focusing on what uncertainties respondents experienced, in what way they tried to solve or reduce the uncertainty, and whether they thought their approach was successful or not. At the start of the interview, the researcher explained the definition of uncertainty in this research, and the types of uncertainties that were used in the framework. This served mainly for the respondents to get a grip on the subject, and to provide some guidance during the interview. It also served to enable comparison of cases. Respondents were then asked to openly list all uncertainties they experienced during the SEA process. Listing uncertainties was not influenced by the researcher. Respondents were then invited to rank uncertainties by importance, depending on the role in decision-making and degree of knowledge about the uncertainty. This served to further structure the interview. The perceived important uncertainties were further discussed regarding the strategies that were employed to solve them, the goal of the strategy, what resources were used, and to what extent the goal was achieved. Lastly, a focus in the interviews was on a reflection of the strategies. Respondents were asked if they would have done anything different or better in retrospect, and whether uncertainties were resolved or remained.
Uncertainties Perceived in Practice and Strategies Employed for Dealing with Them
The problem of uncertainty in SEAs was recognized by all respondents. They all experienced uncertainties during the SEA process, and acknowledged they were not sufficiently dealt with. Figure 3 shows the results of the comparative analysis for uncertainties as perceived by respondents. It shows that nearly all types of uncertainty were experienced, except for uncertainty in project design. It also shows that each type of uncertainty is experienced in every case, although legal uncertainties are in the minority. Figure 4 shows the strategies that respondents employed, or saw others employing, in order to deal with the uncertainties. It also shows how successful the strategies were in the perception of the respondents. They were asked whether they thought the strategies were sufficient in reducing or managing uncertainties, and if alternative strategies might have had the same effect. Though subjective and qualitative, this assessment provides a first impression of the usefulness of the strategies in practice. this table shows unique examples of uncertainties coupled to strategies, their success rate, and the theoretical expectation for strategies. For example, 2/2 means the type of uncertainty was dealt with using adaptive management twice, which was found as successful twice; or 4/6 means the type of uncertainty was dealt with using stakeholder involvement six times, which was found as successful four times. The colors represent the theoretical expectation.
Below, we briefly summarize the four categories of uncertainty as experienced in the five cases, and how they were dealt with.
Dealing with Inherent Uncertainty
Of the inherent uncertainties, variability was experienced by all respondents. Uncertainties that were experienced in this category were, for example, uncertainty about other policies, the future run of a river, economic developments, and earthquakes. They refer to variability in the natural system, as well as the socio-technological system. When choosing a strategy to deal with these uncertainties, influential factors identified were the scope of the assignment, European legislation, documentation prior to the SEA process, and dependency on national policies. In other words, respondents perceived variability to be outside the control of the spatial plan, and to belong to European and national levels of decision-making, rather than to regional spatial plans. This is partly why, in two cases, managing this uncertainty was perceived to be not very successful; the large degree of detail in the assessment led to false certainty, and created unrest amongst decision-makers after a scientist expressed critique of the calculations.
Our analytical framework suggests that uncertainty due to variability can be best dealt with using adaptive management and application of the precautionary principle, for example, by assessing different scenarios and applying a worst-case scenario. The results of the case studies confirm the use of these strategies in practice and their success: seven unique uncertainties were dealt with using adaptive management or the precautionary principle, of which six were identified as successful by respondents (Figure 4 ). More specifically, respondents found it successful if a possible bandwidth of effects was identified during the SEA process (minimal and maximal), and these values were used to steer developments in a monitoring program, combined with the implementation of mitigation measures if necessary (i.e., performance-or compliance-oriented monitoring). In other words, the combination of the two strategies ensured that developments could be managed within the given bandwidths of effects, and a control mechanism was in place for after decision-making. The uncertainty was not "solved", but reduced and controlled, which respondents identified as successful.
In some cases, stakeholder involvement was employed to reduce inherent uncertainty, for example, by communicating about uncertainty, and through collaboration in international regimes on river safety. However, uncertainty remained and caused unrest amongst decision-makers. Stakeholder involvement was, thus, not successful for dealing with this category of uncertainty.
Dealing with Scientific Uncertainty
Of the scientific uncertainties, the identification of future activities, and change and impact were most often mentioned by respondents, and came up in multiple cases (Figure 4) . Causes of these types of uncertainties, as mentioned by the respondents, were flexibility in the end goal, the long time horizon, and the inclusion of sustainability developments. When choosing a strategy to deal with scientific types of uncertainty, influential factors mentioned by respondents were the level of decision-making, the legal status of the plan, the advice of the NCEA, and resources, amongst others. Thus, it seems that strategies are focused on delivering just the amount of information that is necessary for decision-making about the plan. This is a shortcoming for the potential of SEA as a tool to design regulatory frameworks beyond what is legally required.
Our analytical framework suggests that scientific uncertainty is best dealt with using adaptive management, stakeholder involvement, and knowledge generation, for example, by working with different scenarios and alternatives, through a monitoring program, through consultation with stakeholders to define the change, by performing additional research, and through expert judgment. However, knowledge generation was not often applied, and the precautionary principle was only applied in some cases. The use of the precautionary principle by using worst-case scenarios appeared to be disputable, as respondents stated it was considered only feasible for more traditional plans, and not so much for new types of innovative planning. In The Netherlands, a shift in planning culture will be institutionalized in a new environmental and spatial planning act ("Omgevingswet") in 2021. The legal reforms affect the content of spatial plans, and therefore, also the practice of EAs. The law enables more flexibility in spatial plans, and poses new demands, such as planning for a longer term of 20 years. It is expected that spatial planners will focus more on creating the right conditions for spatial development, rather than on determining specific goals. This means that, in their perspective, a worst-case scenario is not a realistic scenario. Uncertainties are, therefore, not reduced or resolved by assessing unrealistic scenarios. However, a strategy to determine environmental limits and values (the precautionary principle) in combination with a monitoring program was considered most successful. In the SEA, scenarios or so-called impact tests can be used to assess whether possible impacts fit within the available environmental space. This was not expected from theory. The combination of the precautionary principle (determining limits) and adaptive management (monitoring in combination with mitigation measures if needed) can be optionally further improved with stakeholder involvement or knowledge generation, for example, by identifying the thresholds with the use of quick scans (knowledge generation) to make sure these thresholds are valid, or by sharing information about these thresholds throughout the organization (stakeholder involvement, thus ensuring the maintenance of this information). This further improves the quality of and support for the assessment.
In view of our analytical framework, knowledge generation in practice seems a less successful strategy than we expected, whereas a specific form of the precautionary principle does seem successful, also contrary to our expectations. New insights can be gained from specific applications of a combination of adaptive management, the precautionary principle, and stakeholder involvement, rather than investing in additional research.
Dealing with Social Uncertainty
For social uncertainty, values, interests, and perspectives of stakeholders were mentioned most often by respondents (Figure 3 ). This can be anything from discussions about environmental values to the definition of acceptable norms. Choosing strategies to deal with these types of uncertainties depends mostly on project-management skills. Respondents agreed that it takes experience of the project team, as well as of the project manager to identify strategies to deal with the social types of uncertainty.
Based on the literature, we expected that social uncertainty would only be dealt with using stakeholder involvement (Figure 2) . However, it turns out that, for our respondents, all strategies were used and were perceived to be successful for dealing with social uncertainties, especially the new combination of adaptive management, stakeholder involvement, and the precautionary principle. Dealing with social uncertainties requires negotiations with stakeholders in the first place. Stakeholders can have a very strong opinion on what needs to be included in the SEA report, or on what the spatial plan should look like. This is especially relevant in the Dutch planning context, where stakeholders, especially the public, can be highly influential during the process. However, only negotiation and discussion with stakeholders was often perceived to be insufficient in reducing social uncertainties. Respondents stated that actual results that are implemented in the spatial plan to ensure sufficient sense of security amongst stakeholders are required. This can be done by making tailor-made agreements about acceptable environmental limits (precautionary principle), by including these limits in a monitoring program and implementing extra mitigation measures if needed (adaptive management), and by including stakeholders in the whole planning process.
To ensure the success of this process, the most important factor is the early inclusion of stakeholders in the process, and their willingness to negotiate. The willingness to negotiate is induced by awareness of the level of interdependency, and urgency of values. When to invite stakeholders to the table is a difficult question, and it differs for each type of spatial plan. Inviting stakeholders too early in the process, when plans are still very vague, could mean that they do not recognize their interest because they do not feel the impact of urgency. Inviting stakeholders too late could induce resistance if they feel their concerns and interests are not recognized enough [60] .
Dealing with Legal Uncertainty
Legal uncertainties were mostly experienced by respondents in the two pilot projects, Binckhorst The Hague and Almere Oosterwold, which makes sense due to their experimental characteristics. Both case studies were pilot projects in the context of the new environmental and spatial planning act. The pilot projects were conducted to explore possibilities and restrictions in new planning processes. These pilots also offered room for innovation in the role and content of SEAs in cases of more flexible plans, in which no blueprint of the plan was available. An implication, as indicated by the respondents, was that, in the pilot projects, it was uncertain what was required from the SEA, and how legal security could be offered to stakeholders. Interestingly, the respondents explicitly acknowledged they did not choose the more "traditional" SEA methods for dealing with uncertainty, because using alternate scenarios or worst-case situations was considered to give a poor representation of the real situation, as the more flexible plans had no exact end goal, and therefore, had an unlimited number of future outcomes for the planning area. In both pilot cases, and in the case of Eemsmond Delfzijl, respondents considered that a combination of strategies was needed: (1) identifying environmental thresholds to limit developments (precautionary principle); (2) consulting and cooperating with legal partners (stakeholder involvement); (3) quick scans to determine the baseline situation (knowledge generation); and (4) application of all the previous strategies in a monitoring program in combination with possible mitigation measures (adaptive management).
These strategies were considered to contribute to a need for information, to a confirmation of results in the SEA, and to solid management of uncertainties during the implementation of the plans.
Conclusions and Discussion
A first conclusion of our analysis is that the most dominant types of uncertainty, as experienced by our respondents, are uncertainties about variability, identification of future activities, identification of change and impact, and values, interests, and perceptions. Of these four dominant types of uncertainties, variability, and change and impact seem most difficult to address, as relatively few successful strategies were reported. It should be noted that this conclusion was based on respondents' perceptions, and on a limited set of cases.
Strategies that were applied in practice did not always seem to be in line with what we expected from our literature review. Moreover, successful dealing with uncertainties seems hardly achieved by applying a single strategy. An important second conclusion of our analysis is that a combination of strategies is needed to successfully reduce or deal with uncertainties. This implies that the linkages between specific uncertainties and strategies in Figure 2 is perhaps too detailed, and that it is better to link strategies with categories of uncertainties (i.e., intrinsic, scientific, etc.).
Thirdly, adaptive management, in the form of monitoring and the implementation of mitigation measures where needed, was often mentioned on the basis of appropriate strategies for dealing with uncertainties that could not be reduced during a SEA process. It implies that, after the SEA and formal decision-making about the policy or plan at issue, environmental effects are monitored, and measures are taken if environmental thresholds are exceeded. However, while this strategy is in line with what other scholars proposed earlier, research also showed that this form of "SEA follow-up" in practice can often be problematic [2, 64] .
A final conclusion is that actors working with SEAs do not seem to be very aware of different types of uncertainties, as derived from our literature review. Our framework may help in raising awareness of uncertainties and why they matter, and help practitioners to think more systematically and proactively about dealing with uncertainty. This would also require more practical guidance, tailored to specific SEA procedures and specific legislation.
Uncertainty is unavoidable in SEAs due to the generally high level of abstraction of policies and plans. Reducing uncertainties or dealing with uncertainties is important, because they potentially undermine the goal of SEAs, which is to provide information about environmental effects that can be expected, and to facilitate the development of mitigation measures for reducing these effects to acceptable levels. Due to uncertainties in early stages of policy-making and planning, the "real" environmental impacts, as they manifest themselves during the implementation of policies or plans, may differ substantially from the expected impacts from an SEA, with major consequences for the environment and for public health. Developing additional mitigation measures may also delay implementation or lead to higher costs. Finally, inaccurate or incomplete assessments in SEAs may threaten the credibility of the instrument among decision-makers and the public.
In this paper, we created an analytical framework linking different types of uncertainties to strategies for dealing with uncertainties. Although the uncertainties that we identified show some overlap and can be related, they nevertheless can be distinguished analytically, and allow for a systematic exploration of uncertainties and strategies for dealing with them. Applying the framework to five cases of spatial planning in The Netherlands allowed us to identify categories of uncertainties and strategies as they emerge in SEA practice. The framework was applied to a limited number of cases. Applying it to cases elsewhere can provide more detailed insight into types of uncertainties, as well as strategies of coping with them. This is not only interesting from a scientific perspective, but also facilitates the transfer of best practices for identifying, reducing, or dealing with uncertainties. It is critical, however, to complement stakeholders' perceptions of the "success" of dealing with uncertainties with a systematic, objective scientific assessment of that success.
information on different levels of detail, because the SEA served as an overarching framework for future assessments of zoning plans. The SEA needed to include the probability that effects could occur (best-case and worst-case), and in what way this would be monitored, evaluated, and addressed.
